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By Willis M. Braithwaite, David B. Fenn, and Jos Eﬁ?ﬂ@grﬁnti
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A flight-type fuel system was designed to serve d&%dfﬁoaetilng&he using
liquid hydrogen. The fuel system permits engine operation on hydrogen, JP-4
fuel, and combinations of the two introduced separately into the engine.
This fuel system was evaluated in an NACA altitude test chamber to determine
its reliability and to make final adjustments prior to installation in a
twin-engine light bamber. This evaluation was confined to operation st al-
titudes from 47,000 to 50,000 feet and & Mach number of 0.75, the conditions
selected for the subseguent flight test. The principal characteristics
evaluated were the ablility of the system to make transitions between JP-4
fuel and hydrogen, the ability of the system to control engine speed, and
the effect of hydrogen on engine performance.

AS

SUMMARY

The fuel system consisted of (1) a stainless steel wingtip fuel tank
for liquid hydrogen, (2) a ram-air heat exchanger to vaporize the fuel,
and (3) a regulator for the hydrogen flow, which was controlled by the
regular engine throttle. The engine was modified to the extent of adding
a separate fuel manifold and Injection tubes for the hydrogén.

Over three-fourths of the 38 transitions from JP-4 fuel to hydrogen
were satisfactory. The other transitions were characterized by speed
variations. However, these variations were small and were considered
not to have a detrimental effect on aircraft performance. The engine
performance at limiting speed and turbine-inlet temperature was not af-

fected by the use of hydrogen.
LW I T2

INTRODUCTION AUG 20 1957

The problems associated with use of hydrogen as a high-energy fuel for
obtaining increased range and gltitude capabilities for military aircraft
are being studied now. An analysis of the performance possibilities of
liquid hydrogen for increasing the range and operating altitudes of several
types of aircraft is presented in reference 1. The characteristics of
liquid hydrogen that indicate its great potential as an aircraft fuel
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include the high heat of combusticn, steble and efficlent burning at low
pressures, and excellent heat-sink capacity that can be utilized in cool-
ing the engine and aircraft structures at high flight speeds.

H

To obtain further information on the problems and handling charac-
teristics of hydrogeh fuel for aircraft use, a program was established 1o
use hydrogen fuel in a flight of & bomber aircraft., The project involved
the modification of & twin-engine light bomber alrcraft to include a hy-
drogen fuel system. The hydrogen was stored &s & liquid, vaporized by
means of & ram-air heat exchanger, and burned in the combustor, which was
modified to permit interchangesble use of JP-4 fuel and hydrogen. The
complete liquid-hydrogen fuel system described was evaluated in cambina-
tion with a turbojet engine in an NACA altitude facility prior to the
flight test.

209%

The objectives of this report are (1) to describe the complete fuel
system, (2) to discuss the procedure used for transitions between JP-4
fuel and hydrogen, (3) to present and discuss engine performance obtained
with both fuels, and (4) to review the relisbility of the fuel system.

APPARATUS
Fuel Systenm

The fuel-system design was based on the flight application. There
were three baslc conaiderations: (1} the aircraft would take off and,
climb on JP~-4 fuel, thange to hydrogen fuel in one engine and cruise for -
the duration of the fuel supply, and then change back to JP-4 fuel in
that engine for return and landing, (2) the controls of the system should
be as simple as would be consistent with religbility and safety, and (3)
the system should be tallored to fit the bamber aircraft that had been
selected for the flight phase of the program and to the selected flight
conditi§ns (altitudes from 47,000 to 50,000 ft at a flight Mach number
of 0.75).

The fuel system {shown schematically in fig. 1) consisted of individ-
ual components based on the information obtained from the lnvestigations
of references 2 to 4 and was installed in an altitude facillity (fig. 2(a)).
The hydrogen was stored as a liquid in & stainless steel wingtip fuel fank
(described in ref. 2) having a capaclty of 430 gallons (approx. 250 1b)
(fig. 2(b)). This tank was insulated with plastic foem only, since the
liquid would be stored in it just a short time.

The liquid hydrogen was fed under helium gas pressure from the fuel
tank to the bottom of the heat exchanger through a vacuum-jacketed stainless
steel line. The vaporized hydrogen was collected in the top of the heat
exchanger and then fed to the hydrogen regulator. From the regulator the
hydrogen flowed to the menifold on the engine and into the combustor through
extra inJection tubes described in the section Engine and Engilne :

Modifications. ‘
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The liquid hydrogen was vaporized in a crossflow heat exchanger
(described in ref. 3) designed to evaporate 520 pounds of liquid hydrogen
per hour with 1.75 pounds of air per second. The heat exchanger was sized
to ensure that the alr would not be liquefied. The 28 tubes of the heat
exchanger were commercilally available, integral-fin, S/B—inch-diameter
copper tubes, 1 foot long.

During operation on hydrogen the englne fuel control sensed engine
speed and regulated the JP-4 fuel from the engine JP-4 fuel pump in the
normal manner. This flow was fed to the sutomatic hydrogen regulator
and then back to the JP-4 fuel tank. The hydrogen regulator is shown in
figure 3 and 1s described in reference 4. The regulator comnsisted of two
chambers. The JP-4 fuel flowed through one chamber, which contained an
orifice for setting up & pressure drop as & function of flow and a piston
that sensed the drop. The force developed was trensmitted through a sealed
connecting lever (with & ratio of 1:1) 4o the hydrogen side of the regulator,
which contained an orifice, a piston, and a valve assembly. The hydrogen
flow through the regulator acted on the pilston to set up a balancing force.
Any change in JP-4 fuel flow chenged the forces applled to the piston and
thus requlred a change In hydrogen flow to reestebllsh equilibrium. If
an increase In hydrogen flow was required, a greater force was exerted on
the JP-4 fuel piston, and this force was transmitted to the hydrogen side,
where the valve was opened farther. In this manner the unit controlled
the volume flow of hydrogen in a constant ratio to the flow of JP-4 fuel.
The ratio used was that of the heating values of the two fnels, and it
was obtained by selecting suitable values for the orifice and piston areas.
Because the weight flow of hydrogen depends on its density, 1t was neces-
sary to incorporate a density compensator. The method selected was to
adjust the orifice area of the hydrogen piston with a helium-filled phosphor
bronze bellows type thermostat (fig. 3).

The initial step in the transition from JP-4 fuel to hydrogen was &
cooling period for the hydrogen fuel system, during which time the engine
was operated on both hydrogen and JP-4 fuel. Becsuse only part of the
JdP-4 fuel went to the engine and the remainder was bypassed back to the
fuel tank during dual fuel operation, an orifice was installed in the
JP-4 fuel bypass line shead of the hydrogen regulator to control the
split of JP-4 fuel. It was sized to divert spproximately two-thirds of
the JP-4 fuel flow from the engine to the regulator. A second orifice
was instaelled in the line from the hydrogen reguletor to the JP-4 fuel
tank to give better control of the pressure in the regulator,

A special fuel control panel developed for the airplane was installed
in the control room of the altitude facility (fig. 4). This panel contained,
in addition to the normal Instrumentation for engine operation, a transfer
switch that programmed the opening and closing of the valves of the fuel
system during transition from one fuel to the other, indicator lights to
show whether valves were open. or closed, and a temperature gage to indicete
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the temperature of the hydrogen at the outlet of the heat exchanger. There,
were several additionasl switches to control the fuel-leak detector

and the heat-exchanger air-scoop flap. Next to the panel is shown the
throttle, which operated the engine JP-4 fuel control, and through 1t,

the hydrogen regulator and engine gpeed. Thus, for transition to hydrogen,
the pilot required only two basic controls, the throttle and the transfer
switch.

febrication. The materials used were copper, brass, and stainless steel,
having been selected for their low-temperature strength and ductility char-
acteristics. The valves used were commercigl low-temperature types modi-
fied only for method of operation. Helium was substituted for air in the
pneumatic operators as a safety precaution.

Engine and Engine Modifications

The engine used for this lnvestigation was a J65-W-5 turbojet engine
(the same engine as used in the B-57 bomber in thé Flight program). The
only modiflcations were an added separate manifold around the engine near
the compressor dilscharge for the hydrogen fuel (fig. 2(a)) and an extra
fuel injection tube in each of the vaporizer tubes of the engine combustor
(fig. 5). The engine was equipped with a fixed-area exhaust nozzle, which
was sized according to the engine manufacturer’'s specificatlion to give
rated exhaust-gas temperature at rated engine speed at sea level using
JP-4 fuel.

Safety Precautione =~

For the safe handling of hydrogen, certain safety precautions were
observed. The complete hydrogen fuel system was thoroughly purged with
hellum before and after each run, and helium, at a posltive gage pressure,
was trapped in the system betweern runs. All the fuel lines inside the _
building were shrouded by s larger pipe that was vented to the altitude
exhaust system and to the atmosphere well away from the buildings (fig.
2(b)). All the jointe in the fuel lines were checked before each run, and
a continuous check was made during each run with a fuel-leak detector.
Hydrogen was introduced into the engine only after the engine was operating
on JP-4 fuel. . . e PR B WEL BRE ERERAEE v

The fuel-leak detector was & thermal conductivity comparative fuel-
air analyzer. Samples were taken in four general areas: Jolnts in the
fuel lines, the alr outlet of the heat exchanger, the hydrogen regulastor, “
and near the engine manifold. In addition, a portable ingtrument was
used outside the bullding in the vicinity of the fuel tenk, fuel lines,
and vents during the time the fuel was belng handled. Care was also taken
to avold sources of ignition in areas where fuel leaks could develop.
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A1l electrical equipment that could spark was located away from this area
or protected from the vapor, and the fuel system was grounded to prevent
static discharges. )

INSTRUMENTATION

Both transient and steady-state instrumentation were used to record
fuel-system and engine performance. The transient instrumentation re-
corded fuel-system pressures, fuel temperature, JP-4 fuel flows,
hydrogen-regulator position, engine speed, compressor-discharge pres-
sure, and turbine-outlet temperature. Date recorded with steady-state
instrumentation include pressures and temperatures required for engine
performance asnglysis and hydrogen-fuel-system pressures and temperatures.

Temperatures of the cold fuel were measured with carbon resistors
because of their relastively large voltage changes with temperatures be-
low 140° R (ref. 3). Temperatures of the metal parts of the heat ex-
changer and the fuel tank were measured with copper-constantan thermo-
couples referenced to liquid nitrogen boiling at atmospheric pressure.

An attempt was made Lo measure the flow of hydrogen with a Venturi
dowvnstream of the heat exchanger. However, the data were unrellable
because of large instantaneocus temperature osclllations at the heat-
exchanger outlet. These oscillations mey be indicative of carry-over of
liquid drops as well as vaporized hydrogen in the Venturil, which resulted
in variations in density. Therefore, the fuel flow was computed from
engine performance using a combustion efficiency of 98 percent, the value
obtained in a small-scale burner using hydrogen gas at -400° F (ref. 5).

PROCEDURE

The transition from engine operation with JP-4 fuel to operation with
hydrogen can best be described by reference to figure 6. The engine was
stebilized at 96 percent rated engine speed on JP-4 fuel at the simulsted
altitude condition. The hydrogen fuel tank and fuel line were pressurized
with helium. The hydrogen valve of the engine was opened in order to purge
with helium any air that may have been in the hydrogen lines and manifold
into the engine. After the system had been purged for 1 to 2 minutes, the
system was ready for transition.

To start the actual transltion, the JP-4 fuel valve to the hydrogen
regulator was opened to permit JP-4 fuel to flow through. Simultaneocusly,
the purge valve was closed, and the hydrogen tank valve was opened to
allow hydrogen to start flowlng through the system to the engine. Since
the hydrogen system at the start was warm, the initisl hydrogen flow in
the dual fuel operaetion served to cool the system to its operating condition.
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To reduce the cool-down time to & minimum, the heat-exchenger alrflow was
maintained below the design value until the temperature of the hydrogen
leaving the heat exchanger decreased to sbout 140° R. Also, because of
the relatively high hydrogen temperature, the hydrogen fuel flow slone
was not sufficlent to maintain engine speed. The dual flow of JP-4 fuel
and hydrogen was continued to the engine until the hydrogen temperature
had stabilized. As a result, approximately 2 minutes of operation on
both JP-4 fuel and hydrogen were required. The transition was campleted
by closing the JP-4 fuel valve. This forced all the JP-4 fuel from the
engine control through the hydrogen regulator back to the JP-4 fuel tank.
After the engine was operating completely on hydrogen fuel, the engine
speed could be varied by normal manipulation of the engine throttile.

To transfer back to JP-4 fuel, the hydrogen tank valve and the JP-4
fuel valve to the hydrogen regulator were closed. Simultanecusly, the
JP-4 Ffuel velve to the engine and the purge valve were opened. Thus the
flow of hydrogen from the tank was stopped, and the flow of JP-4 fuel
was started to the engine. The hydrogen remaining in the fuel lines was
purged into the engine with helium.

RESULTS AND DISCUSSION

The performence of the hydrogen fuel system during steady-state
operation on hydrogen fuel and during transition from JP-4 fuel to
hydrogen is described in this section. Because the effect of using hy-
drogen as a fuel for this engine is discussed in references 6 and 7, only
a brief comparison is given of engine performance on JP-4 fuel and hydro-
gen for the flight conditions selected.

Fuel System in Steady State

The hydrogen regulator was designed to regulre spproximetely the same
JP-4 fuel flow as normally used by the englne at the same speed. The
ratio of the JP-4 fuel flow required by the regulator toc the flow required
by the engine at the same speed is shown in figure 7(a). The JP-4 fuel
flow required by the hydrogen regulator was approximately 10 percent lower
than the scheduled flow in the range from 96 to 100 percent rated speed,
where most of the operation occurred, and was ebout 20 percent lower at
92 percent rated speed. These devietions from the control schedule were
sufficiently small that the engine speed wes controlled over this speed
range. . : - : - :

The JP-4 fuel flow required by the hydrogen regulator was also af-
fected by the density of the hydrogen. The regulator was primarily a
volumetric control during steady-state operation. The density compensstor,
designed to adjust the volume flow of gaseous hydrogen during the cool-down
phase, was fully closed at the low hydrogen temperatures (approx. -380° F)

09y
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which occurred during steady-state operation. Therefore, variations in
the density of the hydrogen passing through the regulator resulted in var-
iations in the heat supplied to the englne. Thus, when the hydrogen den-
sity increased, the heat supplied to the engine was increased. This re-
sulted in increased engine speed. However, the JP-4 fuel control, sensing
the increase in engine speed, decreased the JP-4 fuel to the control,
which, in turn, decreased the volume flow of hydrogen until the desired
speed was cobtalned. :

The density of the hydrogen during steady-state operation was a
function of the heat-exchanger operation (ref. 3). As the eirflow through
the heat exchanger was reduced from the design value (1.75 Ib/éec), the
temperature of the hydrogen leaving the heat exchanger decreased. When
the heat-exchanger alirflow was reduced sufficiently, the hydrogen entering
the reguletor was a two-phase mixture. The effect of the hydrogen density
on the JP-4 fuel flow required to maintain s constant engine speed 1is
shown in figure 7(b) as a function of heat-exchanger airflow. Thus, the
JP-4 fuel flow required by the hydrogen reguletor to maintain a given
engine speed veriled 12 percent for the range of heat-exchanger sirflow
investigated. The JP-4 fuel control had sufficient range to maintain
control of the englne over this range of operation.

The pressure levels In the fuel system are shown 1n figure 8. The
major pressure drop in the JP-4 fuel part of the fuel system (fig. 8(a))
occurred in the orifices, while the major drop in the hydrogen system
occurred in the hydrogen reguletor (fig. 8(b)). The pressure in the hy-
drogen tank was held at approximately 54 pounds per square lnch absolute,
while the pressure in the engine combustor was approximetely 22 pounds per

square inch absolute.
[ ]

Fuel~System Transitions

A typical transition from JP-4 fuel to hydrogen is shown in figure 9.
The first part of the transition was the purging of the system with helium.
The speed incressed momentarily, and the JP-4 fuel flow decreased because
of the ejection of the JP-4 fuel that had accumulated in the separate hy-
drogen manifold during engine operation with JP-4 fuel. The next step in
the transition was to divert part of the JP-4 fuel to the hydrogen regu-
lator and start the flow of hydrogen. The engine speed fell off because
of the loss of JP-4 fuel and recovered when hydrogen reached the engine.
The JP-4 fuel flow became stable with about two-thirds of the JP-4 fuel
going to the reguletor. During this time the hydrogen fuel temperature
decreased, until a temperature of approximately 80° R was reached. The
last step was to divert all the JP-4 fuel to the regulator. This re-
sulted 1n a slight speed drop until steady flows were reestablished and
the hydrogen temperature dropped to approximately 55° R.

The transition shown in fiéure S is typical of about three-fourths

of 38 transitions made with the flnal fuel system. The remainder of these
transitions were to some extent unstable, as ‘shown by the speed and
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pressure veriations in figure 10. The engine speeds varied %125 rpm
(#1.5 percent), while the pressure variations at several locations in the
fuel system were as follows: fuel tank, il/z pound per square inch abso-

lute; heat-exchanger inlet, i?% pounds per square inch absolute; heat-

exchanger outlet, 15 pounds per square inch absolute; and campressor dis-
charge, il% pounds per square inch absolute. The pressure varilations in

the heat exchanger and the compressor discharge were 1in ﬁhase, while the
variations in speed lagged by 1/2 second. These variastions damped ocut in
approximately 10 minutes or less.

It was thought that this instability originated in the heat exchanger
and was a functiaon of the dynemics of the control loop. Two system modi-
fications were investigated, end the fluctuations in engine speed during
hydrogen operation are shown in figure 11. The earlier configuration had
a line from the tank to the heat exchanger SO feet long and from the heat
exchanger to the engine 3 feet long. In the final configuration the line
from the tank to the heat exchanger was 20 feet long and that from the heet
exchanger to the engine was 6 feet long. These changes in line lengths re-
sulted in a change in frequency of speed variation from 2 to 8 cycles per
nminute. Although not generally acceptable, these instabilities could be
tolerated for the flight tests of thls initial hydrogen fuel system because
their effect on aircraft performance was small. The higher frequency var-
iations shown on both speed traces had & frequency of 12 to 14 cycles per
second, values approximately equal to the undamped natural freguency of
the control loop (ref. 4). That thls is the natural frequency is further
substantiated by the damping which occurred between the major disturbances.

Engine PeFformance

The effects of hydrogen as a fuel on englne performance are discussed
in references 6 and 7. Therefore, this report presents only a brief sum-
mary of these effects with this engine fuel injection system. As stated
previously, this englne was equipped with & fixed-area exhaust nozzle,
sized for JP-4 fuel according to the manufacturer's specification. The
effects of hydrogen on the turbine-inlet temperature distributions and on
other engine performance parameters are shown in figures 12 and 13, re-
spectively. A comparison of the turbine-inlet temperature proflles with
hydrogen (fig. 12) indicates no significant change from those obtained
with JP-4 fuel. The limiting value of turbine-inlet temperature (2000° R)
was obtained at 98.2 percent of rated engine speed with JP-4 fuel and at
100 percent of rated speed with hydrogen at the test altitude and Mach
number (50,000 ft, Mach 0.75). This resulted in a decrease in maximum net
thrust fram 1220 pounds with JP-4 fuel to 1215 pounds with hydrogen (fig.
13(a)}. Therefore, for the two engines of the bomber aircraft the thrust
from the engine using hydrogen would match that from the one using JP-4
fuel. Some of the englne performance parameters for hydrogen and JP-4
fuel are compared in figure 13(b). The compressor remsined at the same

.208%
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operating condition at the same engine speed. Because of the change in
gas properties with hydrogen, turbine-inlet temperature, turbine-outlet
temperature, and pressure decreased. Therefore, the thrust at a given
engine speed was lower with hydrogen than with JP-4 fuel. However, at
limiting turbine-inlet temperature the thrust values obtained with hydro-
gen and JP-4 fuel were approximately equal.

The effect on fuel consumption of using hydrogen is illustrated in
figures 13(c) and (d). At 98 percent rated speed the net-thrust spe-
cific fuel consumption with hydrogen was 0.387 that obtained with JP-4
fuel. However, this corresponds to an increase in volume consumption

of more than 4% times. The lower ratios of weight of hydrogen to JP-4

fuel shown at lower engine speeds are due to the lower cambustidﬁ effi-
clency with JP-4 fuel; the efficiency with hydrogen was assumed con-
stant (ref. 5).

System Reliability

To determine the relisbility of this fuel system, the engine was
operated on hydrogen fuel for about 20 hours, during which 38 transitions
from JP-4 fuel to hydrogen were made. The only damage to the system was
slight heat warpage at the base of the vaporizer tubes (fig. 14). Aside
from a few unsteble transitlons previously mentioned, the fuel system
performed in a satisfactory manner.

It was felt that in flight the system might be subjected to conditions
not exactly similated in the altitude chamber. One such condition con-
sldered was that of the hydrogen regulstor becoming inoperative in the
closed position because of freezing of water, fuel, or cther matter in the
regulator., Therefore, this condition was simulated by reversing the JP-4
fuel flow through the regulator, which forced the regulator to close. The
effect on a transition was determined and'is shown as curve A In figure 15.
The engine speed recovered during the dual fuel operation but could not be
maintained on the hydrogen leakage through the regulator when the JP-4 fuel
wasg diverted from the engine. A manuslly operated valve was installed so
that the hydrogen regulator could be bypassed in such an emergency. The
trace indicates that the engine speed could be controlled using this by-
pass. Trace B of figure 15 illustrates the effect on speed of initiating
the transition st a reduced engine speed of 82 percent rated instead of
90 to 96 percent rated as was normal. Again the regulstor was in an in-
operative condition. The lower initial speed required a longer time for
the engine to recover during dual fuel operation.

The final evaluation of this fuel system in the altlitude test chamber
was made by the test pilots. They operated the engine during the transition
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in the same manner as they would during flight. This was done to determine
the adequacy of the reguletor and the emergency procedures as well as to
familiarlze the pllots with the procedures. TFollowling the evaluatlion of
this system, the engine and complete fuel system were removed from the
altitude facility and Ilnstalled in the aircraft for flight testing.

The f£flight tests are described in reference 8.

SUMMARY OF RESULTS

A fuel system was developed for the use of hydrogen fuel 1n a twin-
engine light bamber. This system, evaluated in an NACA altitude test cham-
ber, consisted of (1) a wingtip fuel tank, (2) a ram-air heat exchanger to
vaporize the fuel, and (3) a regulator utilizing the output of the regular
JP-4 fuel control to regulate the flow of hydrogen. The engine was modi-
fied by addition of an extra manifold and an injection system for hydrogen.
The controls requlred for thils system conslsted of the regular engine
throttle and a switch that programmed the opening and closing of the valves
in the proper-sequence during the transitlion from JP-4 fuel to hydrogen.

Of the 38 transitions made during altitude-test-chamber evaluations,
three-fourths were satisfactory In all aspects, while the other one-fourth
were characterized by engine speed instability with hydrogen. However,
these speed varlations were so small and of such short duration that they
were consldered tolerable.

From the performsnce obtalned in the evaluation in the altitude
chamber, the fuel system was considered satisfactory for flight.

Lewis Flight Propulsion Laboratory
Natlonel Advisory Committee for Aeronautics
Cleveland, Ohic, dune 13, 1957
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Figure 6. - Flow dlagram for engine dual fuel system.
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